Plasmons and Interband Transitions of CanSr3Cu2404i 
investigated by Electron Energy-Loss Spectroscopy 

Friedrich Roth, 1 Christian Hess, 1 Bernd Buchner, 1 Udo 
Ammerahl, 2 Alexandre Revcolevschi, 2 and Martin Knupfer 1 

1 IFW Dresden, P.O. Box 270116, D-01171 Dresden, Germany 
Laboratoire de Physico-Chimie de I'Etat Solide, 
Universite Paris- Sud, 91405 Or say, France 
(Dated: November 22, 2010) 

Abstract 

Electron energy-loss spectroscopy studies have been performed in order to get a deeper in- 
sight into the electronic structure and elementary excitations of the two -leg ladder system 
CanSr3Cu2404i. We find a strong anisotropy of the loss function for momentum transfers along 
the a and c - crystallographic axis, and a remarkable linear plasmon dispersion for a momentum 
transfer parallel to the legs of the ladders. The investigated spectral features are attributed to 
localized and delocalized charge-transfer excitations and the charge carrier plasmon. The charge 
carrier plasmon position and dispersion in the long wave-length limit agree well with expectations 
based upon the band structure of the two-leg ladder, while the observed quasi-linear plasmon 
dispersion might be related to the peculiar properties of underdoped cuprates in general. 



I. INTRODUCTION 



Since the discovery of high-temperature superconductivity in Cu-0 frameworks [1J a large 
family of different Cu-0 based systems was studied, whereas the dimensionality varied from 
quasi zero-dimensional systems (like Li 2 Cu02 or NaCu0 2 ) over one-dimensional networks 
(e. g. Sr 2 Cu0 3 ) to two-dimensional systems (such as Sr 2 Cu0 2 Cl 2 or high temperature su- 
perconductors). The dimension of a system and the associated electronic and magnetic 
pathway joining neighboring Cu ions, which depends upon the manner in which the CUO4 
plaquettes are arranged, plays a key role for the electronic excitations. The compound 
Ca a; Sr 1 4_ :r Cu2404i is a so-called quasi-one-dimensional system and shows additional com- 
plexity since it consists of two different types of copper oxide networks — Cu0 2 (edge-sharing) 
chains and CU2O3 (two- leg) ladders — which are separated by strings of Sr or Ca atoms. These 
networks are arranged in layers, and the layers are oriented in the crystallographic ac-plane, 
while they are stacked in an alternating manner along the perpendicular 6-axis (see Fig.[l]). 
Both of these two subsystems, ladders and chains, have orthorhombic symmetry, but are 
structurally incommensurate. [21 13] The discovery of superconductivity in Cai 3 6 Sr 4 Cu 24 04i 
at a high pressure of 3 GPa [I] has provoked a lot of attention on the spin-ladder system 
because it was the first superconducting copper oxide material with a non-square-lattice. [5] 
A remarkable property of Ca :E Sri4_. r Cu2404i is that superconductivity only occurs when Sr 
is replaced by Ca. Thereby, the nominal valence of Cu remains unchanged but the change of 
chemical pressure within the lattice causes a transfer of holes from the chain to the ladder 
subsystem. [6HH] Therefore, the evolution of the electronic and magnetic structure upon Ca 
addition is one of the key issues for understanding superconductivity and other physical 
properties [HJ [TO], whereas the exact hole distribution in these compounds is still under 
debate. [7J HUES] 

Another interesting property of the spin ladder compounds is a tendency to form a charge 
density wave (CDW) phase depending on the Ca content [THT16] . which may prevent the 
occurrence of superconductivity. An insulating hole crystal phase, as it was predicted [17] , 
in which the carriers are localized through manybody interactions was reported. [T81420] In 
summary, the complex phase diagram as well as the effect of dimensionality and the impact 
of temperature on the electronic structure of these compounds are not yet fully understood. 

Electron energy-loss spectroscopy (EELS) is a useful tool for the investigation of materials 
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FIG. 1. Schematic representation of the crystall structure of Ca a: Sri4_ :r Cu2404i 

at all levels of complexity in the electronic-spectrum. [21] The EELS cross section is basically 
proportional to Im[-l/e(a;, q)] (called loss function) where e(u,q) = ei(u;,q) + £62 (w, q) is 
the momentum and energy-dependent complex dielectric function. In this way, EELS probes 
the electronic excitations of a solid under investigation. Furthermore, it allows momentum 
dependent measurements of the loss function, i. e. the observation of non-vertical transitions 
within the band structure of a solid, the idendification of dipole forbidden excitations [221 
[23] and the determination of the dispersion of excitons, interband transitions or charge 
carrier plasmons. [21H28] As the dispersion of a charge carrier plasmon is related to the Fermi 
velocity, EELS studies also provide valuable insights into further fundamental electronic 
parameters. 

II. EXPERIMENTAL 

Single crystals of CanSr 3 Cu2404i were grown by using the travelling solvent floating zone 
method. |29j For the EELS measurements thin films (~ 100 nm) were cut along the crystal 
6-axis from these single crystals using an ultramicrotome equipped with a diamond knife. 
The films were then put onto standard transmission electron microscopy grids and trans- 
ferred into the spectrometer. All measurements were carried out at room temperature with a 
dedicated transmission electron energy-loss spectrometer [30] employing a primary electron 



energy of 172 keV. The energy and momentum resolution were set to be A.E = 80meV and 
Aq = 0.035 A -1 , respectively. Before measuring the loss-function, the thin films have been 
characterized by in situ electron diffraction, in order to orient the crystallographic axis with 
respect to the transferred momentum. From the measured loss function, the real and imag- 
inary part of the dielectric function e(u) and consequently the optical conductivity a were 
calculated by the well-known Kramers-Kronig relations. [30j Prior to the Kramers-Kronig 
analysis the measured spectra were corrected by substracting contributions of multiple scat- 
tering and eliminating the contribution of the direct beam by fitting the plasmon peak with 
a model function, which gives the low energy tail to zero energy for the loss function. |24| 
We note that in our case the quasi elastic background does not alter the plasmon position 
as discribed in [3TH33] . 

III. RESULTS AND DISCUSSION 
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FIG. 2. The momentum dependence of the EELS spectra of CanSr3Cu2404i for q parallel to the 
crystallographic a - axis (q is increasing from top to bottom spectra) . The upturn towards eV is 
due to the quasi-elastic line. 

In Fig. [2] we show the evolution of the loss function with increasing q in an energy range 
between 0.5-10eV for a momentum transfer perpendicular to the ladders/chains (crystal- 
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lographic a - axis). The data have been normalized to the high-energy region between 9 and 
10 eV where they are almost momentum independent. We can clearly identify a well pro- 
nounced double peak structure with maxima at 3-3.5 eV and at 5 eV. The spectral weight of 
the first excitation feature — compared to the second — decreases with increasing momentum 
transfer. Fig. [3] displays the corresponding data for a momentum transfer parallel to the crys- 
tallographic c-axis, i.e. parallel to the ladders and chains in CanSr3Cu2404i. Again, there 
is a double-peak feature between 3 and 5 eV, and the intensity of the former is decreasing 
upon increasing momentum. 
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FIG. 3. The momentum dependence of the EELS spectra of CanSr3Cu2404i for q parallel to the 
crystallographic c - axis (q is increasing from top to bottom spectra) . The upturn towards eV is 
due to the quasi-elastic line. 

In addition, Fig. [3] reveals a further excitation feature around 1 eV for momentum transfers 
parallel to the ladder direction, which is absent perpendicular to it. This additional exci- 
tation clearly disperses to higher energies with increasing q. Furthermore, the peak width 
increases with increasing momentum, which indicates damping of this excitation which also 
increases with q. According to resistivity data [M] , CanSr3Cu2404i shows a metallic be- 
havior along the c- direction, which is also in line with the appearance of a plasma edge 
close to 1 eV in the corresponding reflectivity spectra. (TTJ |35] Consequently, we ascribe the 
peak around 1 eV to the so - called Drude plasmon (or charge carrier plasmon) caused by the 

5 



collective excitation of the free charge carriers. This is analogous to what has been observed 
for other doped cuprate systems. [251 [2H ES] 
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FIG. 4. Plasmon dispersion in CanSr3Cii2404i along the c- direction. Within the error bars 
the plasmon scales linearly with momentum and the bandwidth amounts to ~ 400 meV in the 
considered momentum range. The gray curve represent the fit with a polynomial function (cf. 
equation (2)) 

In order to further quantify the behavior of the leV plasmon we present in Fig. [4] the 
evolution of the peak position in the range 0.15 A" 1 to 0.35 A" 1 for q || c. Due to the 
strong damping of the plasmon and the low cross section for higher momentum transfers, 
data for a momentum transfer above g = 0.35A~ 1 are not included in Fig.|4| It can be 
seen that the plasmon dispersion in CaiiSr 3 Cu2404i is positive with a bandwidth of at 
least 400 meV. This is in very good agreement with the dispersion found in planar cuprates 
such as Bi2Sr2CaCu208-«5.|26j Moreover, the plasmon dispersion is linear in q, which is in 
contrast to what one would expect for an "ordinary" metallic plasmon, where it should be 
quadratic. [37J [38] We note that for E^S^CaCh^Og-^ a quadratic plasmon dispersion has 
been reported. 

In order to obtain a more detailed picture we have measured the loss function of CanSr3Cu2404i 
as a function of the angle in the ac- plane at a constant momentum transfer of q = 0.15 A -1 , 
as presented in Fig. [5] and [6| We can identify a clearly visible anisotropy within these di- 
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FIG. 5. Angular dependence of the EELS response of CanSr3Cu2404i for g = 0.15 A -1 measured 
in the low energy range between 0- 10 eV. The upper spectrum (red line) corresponds to q \\ a, and 
the lower spectra (purple line) represents q \\ c. 
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FIG. 6. Angular dependence of the EELS intensity for q = 0.15 A -1 measured at room tem- 
perature in the range between 0.4- 2 eV. The horizontal dashed bars correspond to the two main 
crystallographic directions along or perpendicular to the c- and a- axis, respectively 



7 



rections. In particular, the excitation at 3 - 4eV shifts to higher energy approaching the 
c- direction, while the spectral feature at 5eV remains located at about 5eV. The exci- 
tation seen at leV for a momentum transfer parallel to the c- direction, shows a distinct 
behavior. Its energy decreases on leaving the c-direction and it becomes invisible near the 
a - direction. The observed energy variation scales as oj p (Q) = cos(O) ■ u p , which follows the 
prediction from random-phase-approximation calculations for the charge carrier plasmon 
excitation of a quasi-one-dimensional metal. [39] Resistivity data J3U HQ] also demonstrate a 
strong anisotropy of the conductivity with a metallic behavior in c-direction. These facts 
represent strong support for our conclusion above, that this excitation indeed is a result of 
the plasmon oscillation of the charge carriers in the Cu-0 ladder network. 

In the following we discuss the origin and character of the observed excitation in the energy 
range of 3-5eV. In this context it is important to consider the structure of CanS^Ch^O^. 
Between two nearest neighbor copper atoms there are essentially two different bond- 
configurations possible in cuprates, which differ in the angle between the two copper atoms 
and the relevant p-orbital(s) of a bridging oxygen, a 180° and a 90° bond-configuration. In 
case of the ladders, the 180° bond-configuration form the legs and rungs of the ladder, while 
the copper atoms on neighboring ladders are connected via the 90° bond-configuration (see 
also Fig.[T]). The Cu-0 chains in Ca 11 Sr 3 Cu 2 404i are built from edge sharing Cu0 4 units, 
i. e. two copper atoms are connected via 90° Cu-O-Cu bonds. The latter bonding geometry 
does hardly allow derealization of electronic states since hopping of a hole (or electron) 
along the chain involves change of the orbital at the oxygen site. This for instance causes 
the electronic excitations to be localized (non-dispersing) as seen for undoped chains in 
Li 2 Cu02.|23] Moreover, the excitations in these undoped chains also are virtually isotropic 
within the plane of the CUO4 units. In the case of doping such chains the resulting elec- 
tronic states and the excitations will still be localized due to the bonding geometry, which 
is also evidenced by the results of x-ray absorption studies. [2] We therefore attribute the 
excitation at 5 eV in CanSr3Cu2404i, which does not disperse and which is isotropic within 
the ac- plane, to excitations from the Cu-0 chains in the compound. 

In contrast, in the 180° bond-configuration a delocalized charge-transfer excitation is also 
possible in undoped cuprates. This represents an excited hole which has moved to the 02p 

8 



states of a neighbouring Cu-0 plaquette forming a Zhang- Rice singlet state there. [4"2TT4"4] In 
addition, this delocalized excitation has a lower excitation energy because of the energy gain 
associated with the formation of the Zhang- Rice singlet. In consideration of the structure of 
the Cu-0 ladders, such excitations are most likely also anisotropic for momentum transfers 
along and perpendicular to the ladder direction. Although their spectral weight is reduced 
upon doping, they remain present up to rather high doping levels (about 10- 15% in planar 
cuprates [261 US])- Thus, the excitation between 3-4eV is most likely a result from electronic 
excitations in the Cu-0 ladders. The results of recent resonant inelastic x-ray scattering 
(RIXS) of Ca x Sri4_ I Cu2404i [4"6T - T4"g] are in very good agreement with our assignment of 
the spectral structures at 3 to 5 eV as seen by EELS. We note that, ignoring the resonance 
process in RIXS, EELS and RIXS probe the same dynamic response function. It is therefore 
very surprising that the available RIXS data on Can.5Sr 2 .5Cu2404i miss the low energy 
plasmon excitation at 1 eV. It is unclear at present whether this is due to limitations in the 
experimental parameters such as resolution, or whether it has an intrinsic origin, related to 
the resonant process itself. 

Finally, the dispersion of the charge carrier plasmon can also help to gain further insight into 
the microscopic nature of the electronic system. For a simple metal in the long wavelength 
limit, the plasmon dispersion is expected to be quadratic, i. e. u(q) = u p + Aq 2 , whereas 
the coefficient A can be expressed as A = —a and a = a\ + «2 |1HJ E0], with 



Thereby m is the free-electron mass, Vf is the Fermi velocity, is the background dielectric 
constant and u p is the plasma frequency. To calculate oti one has to consider the second 
derivative of the Fermi velocity component parallel to q, v q . 

Interestingly, the dispersion of the plasmon in CanSr 3 Cu 2 404i along the ladder direction 
(see Fig. [4]) has a band width which is comparable to that observed for the optimally doped 
high temperature superconductors. This seems reasonable, taking into account that the 
doping level of the ladders in CanSr 3 Cu2404i is about 0.15 - 0.2 holes per Cu unit, as 
reported from recent angular resolved photoemission experiments [8] . However, the plasmon 
in CaiiSr 3 Cu240 4 i scales linearly with q, which is in contrast to the high T c materials at 




and 




(1) 
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optimal doping, and also in contrast to the expectation for a free electron gas like electronic 
system. 

In order to investigate the long wave length limit of the plasmon dispersion in CaiiSr 3 Cu2404i 
in more detail, we have fitted the dispersion curve using a polynomial function 



u(q) = uj p + kq 2 + Bq\ (2) 

The parameter A then represents the plasmon behavior for small momenta, i. e. long 
wavelengths. This fit provides us with the following results (see also Fig.|4]): hui p = 
(0.83±0.02) eV, A = (7.47±0.75) eVA 2 and B = (-25.28±5.48) eVA 4 . 

For a one-dimensional system the plasma frequency u p can be written as |49] 



2 4e 2 

p heooeoirab^ F ^ ^ 

Note that this expression takes the number of Cu-sites within the unit cell of the ladder 
into account. 

To be able to derive the mean Fermi velocity from the expression above, the knowledge 
of the background dielectric constant eoo is required. We have analyzed this parameter 
via a Kramers-Kronig analysis (KKA) of the measured loss function. Subsequently, we 
have described the resulting dielectric function within the Drude-Lorentz model with one 
Drude and a number of Lorentz oscillators. In left panel of Fig. [7] we show the optical 
conductivity (er = ue 2 ) as received from our KKA and the corresponding fit result. This 
Figure demonstrates that our model description of the data is very good. The value of the 
plasma frequency u p = 0.89 eV which is obtained from the fit of a is in very good agreement 
to that provided by the fit of the plasmon dispersion (cf. Fig. [4]). In addition, this value is 
also in good agreement to the data from reflectivity measurements. [35] 

The background dielectric constant can now be read off the real part of the dielectric 
function subtracting the Drude (i.e. charge carrier) contribution (see Fig. fright panel), we 
obtain ~ 7.5 - 8. We thus arrive at a mean Fermi velocity for the conduction electrons in 
the ladder of Vp ~ 530000 — . Taking this value, we can now calculate the parameter ai\ to 
be about ~0.96 (and consequently a value for A of 7.25 eVA 2 ), which is very close to what 
we obtained from the fit for this coefficient, A = 7.47eVA 2 . 
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FIG. 7. Left panel: The optical conductivity for CanSr3Cu2404i as derived by a Kramers-Kronig 
transformation of the EELS intensity (black circle) and the fit (red line). Right panel: The real 
part of the dielectric function subtracted by the Drude contribution which provides a value for the 
background dielectric constant of eoo « 7.6. 

This good correspondence indicates that (i) our description of the long wavelenght limit 
is consistent and (ii) the contribution of ct 2 to the long wave length plasmon dispersion 
is small. Indeed, a calculation of a 2 using equation (2) and taking into account the tight 
binding description of the conduction bands in CanSr 3 Cu 2 404i [51] yields |a 2 | < 0.05 (for 
a more detailed description of this procedure see [52]). Thus, a 2 is less than 10% of the 
contribution to the dispersion coefficient A. 

We now can conclude that the long wavelength limit of the plasmon dispersion in 
Cai i Sr3Cu 2 404x can be well rationalized within an RPA like description of simple metals 
with a mean Fermi velocity of 530000 —, which is in reasonable agreement with the tight 
binding description of the conduction bands in CanSr 3 Cu 24 04i [ST], and which also agrees 
well with recent result from angular resolved photoemission. [8] 

However, the quasi-linear dispersion as revealed in Fig. [4] cannot be rationalized within 
the framework of a simple metal. Deviations from the expectation of a quadratic plas- 
mon dispersion have already been reported in the past. Already the heavier alkali metals 
show vanishing or even negative plasmon dispersions, which has initiated a lot of theoret- 
ical work. [53] Over the years different reasons for these observations have been discussed 
including local field effects, interband transitions and the anisotropy of the effective mass. 
This emphasizes that the dispersion of the charge carrier plasmon can be a very complex 
parameter. 
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Previously, the plasmon dispersion in other quasi one-dimensional metallic systems has 
been investigated theoretically and experimentally for a few compounds. Within RPA it has 
been predicted [39J that the plasmon dispersion in one dimensional metals can be substan- 
tially modified by local field effects, i. e. the inhomogeneous character of the electron gas. 
This modification can even cause a negative plasmon dispersion in case of a tight binding 
description of the electronic bands. [39] Experimental studies of the plasmon dispersion in 
(TaSe 4 ) 2 I [M] and K 3 MoO 3 , [49J found a quasi-linear dispersion which could be explained 
to predominantly be an effect of the band structure in these materials. 

Moreover, going to lower doping levels of about 0.1 holes per Cu atom in two-dimensional 
cuprate structures, the plasmon dispersion is drastically reduced compared to optimal 
doping (i.e. about 0.15 holes per copper atom). The band width of the plasmon in 
Cai. 9 Nao.iCu0 2 Cl2 is only half of that observed for the doping level of 0.15 holes per copper 
unit.[45j Also, the plasmon dispersion at this lower doping in planar cuprates is essentially 
linear in contrast to optimal doping, but reminiscent of our results for CanSr3Cu2404i. 
Since at lower doping (so-called underdoping) the planar cuprates enter a pseudogap phase, 
the origin of which is actually under debate, the variations of the plasmon behavior might 
be closely connected with the peculiar properties in this pseudogap region. In this context, 
it is important to notice that there is evidence that the electronic degrees of freedom in the 
cuprate ladders are also quite complex. The data from angular resolved photoemission [8] 
show a substantially reduced spectral weight close to the Fermi level, and the optical reflec- 
tivity [TTI [35] is different from that of a simple metallic material, but indicates additional 
electronic excitation in the energy range of the plasmon. In addition, for Ca x Sr 14 _ :r Cu 2 40 4 i 
compounds the formation of a hole crystal [TBI HEH2D] (i- e. a charge density wave) has 
been reported. These findings suggest that also in the cuprate ladders there might be a 
phase quite similar to the pseudo gap phase in the planar cuprates, with complex electronic 
degrees of freedom and interactions. 

In relation to these previous findings we conclude that in CanSr 3 Cu240 4 i, band structure and 
local field effects as well as the peculiar physics of underdoped cuprates have to be considered 
in the future, in order to rationalize the measured plasmon dispersion, and further theoretical 
developments are required to achieve a conclusive picture of this interesting physics. 
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IV. SUMMARY 



To summarize, employing EELS we investigated the dispersion of low lying charge-transfer 
excitations and the charge carrier plasmon in the spin ladder system CanS^C^O^. We 
found a strong anisotropy of the spectral structures, whereas the charge carrier plasmon is 
only visible for a momentum parallel to the crystallographic c - direction. A well pronounced 
two peak structure is seen at 3 - 5 eV, and can be qualitatively assigned to localized and de- 
localized charge-transfer excitations. The plasmon dispersion scales quasi linear along the 
legs of the ladder, which is in contrast to what is observed for cuprate high temperature 
superconductors. A comparison of the fit of the dispersion curve (using a polynomial func- 
tion) with the value for the plasma frequency (which can be obtained by a fit of the optical 
conductivity after a Kramers Kronig analysis of the measured loss function) shows a very 
good agreement and consistency of both fits. This indicates that the long wavelenght limit 
of the plasmon dispersion can be described within a RPA like description. We furthermore 
calculated the mean Fermi velocity to be about 530000 ™, which agrees well with a tight 
binding description of CanSr 3 Cu 2 404i and with results from angular resolved photoemis- 
sion. The linearity of the plasmon dispersion cannot be rationalized within the framework 
of a simple metal. Phenomena such as local fields, interband transistions, or the influence 
of the band structure, as well as many-body effects in cuprates, may be responsible for this 
behavior. 
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